Abstract: An unmet need exists in high-speed and highly-sensitive intraoperative assessment of breast cancer margin during conservation surgical procedures. Here, we demonstrate a multispectral photoacoustic tomography system for breast tumor margin assessment using fat and hemoglobin as contrasts. This system provides ~3 mm tissue depth and ~125 μm axial resolution. The results agreed with the histological findings. A high sensitivity in margin assessment was accomplished, which opens a compelling way to intraoperative margin assessment.
Introduction
Breast-conserving surgery, or lumpectomy, is well accepted for breast cancer treatment [1] [2] [3] [4] . To prevent local cancer recurrence after lumpectomy, histology is performed to check whether the excised tumor specimen is surrounded by a sufficient amount of normal tissue [5] [6] [7] [8] . If a positive margin, i.e., less than 2 mm between the surfaces of the excised specimen to the tumor, is identified, then a second operation will be performed to minimize the chance of cancer recurrence [5, [9] [10] [11] [12] [13] . Currently, the re-operation rate ranges from 20 to 70 percent [12] [13] [14] [15] [16] [17] . Such high re-operation rate highlights a critical need for rapid and highly sensitive intraoperative margin assessment. A few centimeter [24] [25] [26] From a clinical perspective, examining the excised specimen is the standard of care, whether done intraoperatively or postoperatively. The major criteria for designing an intraoperative margin assessment tool of the excised tissue are [12] : 1) High sensitivity: closely matching the histological result; 2) High speed: obtaining the result in less than 20 min; 3) Deep tissue penetration: imaging up to 2 mm deep in tissue; 4) Large sampling area: detecting the entire margin surface; 5) Removing the need for interpretation from pathologists. Table 1 summarizes the current and emerging technologies for ex vivo intraoperative margin assessment, and specifies their speed, sensing depth, resolution, sensitivity and specificity. Cytological examination and frozen section are widely applied clinically, but these two methods suffer from long procedure time and low sensitivity owning to the sampling method [18] [19] [20] [21] . Radio frequency spectroscopy reduces the procedure time, but suffers from the sensitivity and specificity due to the lack of chemical selectivity [22, 23] . Intraoperative ultrasound imaging has been applied to guide lumpectomies but with poor chemical selectivity [24] [25] [26] . Emerging optical technologies, including diffuse reflectance imaging, optical coherence tomography and spatial offset Raman spectroscopy, have greatly improved the sensitivity and specificity but still suffer from long procedure time, shallow tissue penetration, or an inability to assess the entire tumor tissue [12, [27] [28] [29] [30] [31] . Near infrared fluorescence imaging technology has been reported for in vivo breast tumor removal [32] [33] [34] . This technique requires exogenous labels to specific cancer targets, raising issues of labeling efficiency, toxicity, and regulatory burden. Diffuse optical tomography has also been reported for in vivo breast tumor imaging [35, 36] . However, it suffers from poor depth resolution due to a dramatic decrease in depth sensitivity. Therefore, an unmet need exists in developing an intraoperative device that is rapid, sensitive, label-free, and able to scan the entire tissue surface for accurate breast cancer margin assessment.
Photoacoustic tomography (PAT) has proved its capability of rapid deep-tissue imaging with chemical selectivity [37] [38] [39] . Current applications of PAT, in the optical window from visible to 950 nm, rely heavily on the contrast from electronic absorption of hemoglobin or exogenous contrast agents [37] [38] [39] [40] [41] . With hemoglobin as the contrast, PAT has been used for breast cancer imaging in vivo for surgical planning [42, 43] . However, it has not been applied to image excised breast tissue to determine the margin status, partly because the sole contrast from blood cannot sensitively distinguish tumor from margin tissue [42, 44, 45] . One reason is that hemoglobin is mainly present in angiogenic processes found with invasive cancers but not in ductal carcinoma in situ [46, 47] .
More recently, PA imaging has been extended to the second optical window between 1 and 2 microns to explore new contrast such as lipid, which has opened up multiple biomedical applications [46] [47] [48] [49] [50] . In this letter, we demonstrate a multispectral PAT system for breast cancer margin detection through multi-spectral excitation between 1100 nm and 1250 nm, where both hemoglobin and fat can be visualized. Our system provides a new means to assess tumor and tumor margin, as hemoglobin indicates angiogenesis while fat is the major form of normal tissue in breast [48] [49] [50] [51] [52] . Being able to reach 3 mm imaging depth with 125 μm axial resolution, 100% sensitivity, and speed of 4.5 cm 2 /min, our method opens a new way to perform intraoperative breast tumor margin assessment.
Experimental setup

Multispectral PAT system
A schematic of our experimental setup is shown in Fig. 1(A) . An optical parametric oscillator (OPO) pumped by the second harmonic of a Nd:YAG laser (NT 300, EKSPLA) generates 10 Hz, 5 ns pulses with wavelengths tunable from 670 nm to 2300 nm and with pulse energy ranging from 60 to 100 mJ. The laser output was coupled into a 1.0 cm diameter optical fiber bundle, with two rectangular distal terminals (12 mm × 2 mm) stabilized in parallel on each side of the ultrasound transducer. The pulse energy was ~30 mJ on an illuminated area of 15 mm by 5 mm. The generated ultrasound waves were recorded by a transducer array with 128 elements and 21 MHz center frequency (MS 250, VisualSonics Inc.). The transducer array was placed between the two fiber bundle terminals by a customized holder. Image reconstruction was implemented through a high frequency ultrasound imaging system (Vevo 2100, VisualSonics Inc.). To synchronize pulse excitation and signal acquisition, a function generator (33220A, Agilent) was used to output 10 Hz, 10 µs transistor-transistor logic (TTL) signal and externally triggered the laser and ultrasound system. A delay generator (DG535, Stanford Research System) was deployed for co-registered photoacoustic (PA) and ultrasound (US) dual-modal imaging. An automatic translational stage was applied for scanning the surface of a tumor tissue. The entire image stack covering 16 wavelengths and 12 cm 2 tissue area took ~160 seconds. A polyethylene (PE) film phantom was used to characterize the axial resolution of the system ( Fig. 1(B) ). The result indicated that a full width at half maximum value of ~200 µm was obtained. The axial resolution is proportional to the sound velocity in the medium. Given the sound velocity in polyethylene film and soft tissues is 2.46 km/s and 1.54 km/s, respectively, we expect an axial resolution of 125 µm in soft tissue. 
Multivariate curve resolution (MCR)
MCR analysis is performed to extract the compositional information from a multispectral image data set. The MCR model is illustrated in Fig. 1(C) . The constructed multispectral image as a 3-D matrix (x × z × λ) was unfolded into a 2-D matrix D with the size of ((x × z) × λ), in which the rows were spectra of different pixels. This data set was fit by a bilinear model to produce two matrices, C and S T , plus an error matrix, E, expressed as
, which had the size (q × λ), represented the spectrum of one of the q chemical components. Each column in C, which was sized ((x × z) × q), represented the distribution of one of the q components. The matrix C was then refolded to q images, representing distribution maps of q chemical components. An alternating least squares (ALS) fitting algorithm [53] was exploited to solve the MCR bilinear model. This algorithm iteratively optimized the spectral matrix S T and the distribution matrix C. The data analysis process was performed by a MATLAB package described in reference [53] .
Breast tissue specimens and histology
The breast tumor samples were excised from a patient diagnosed with invasive ductal carcinoma and then preserved in fixative 10% buffered formalin. The breast tumor was stabilized by 2.5% agarose gel, and placed in a tank filled with phosphate buffered saline solution. After the imaging procedure, the tissue was sectioned and stained with hematoxylin and eosin (H&E) for histological examination. Figure 2 shows the concept of differentiating cancer from normal breast tissue. The B-mode US image shown in Fig. 2(A) identified the tissue morphology. However, the contrast was too vague to distinguish the tumor versus the normal tissue. Multispectral PAT with excitation ranging from 1100 to 1250 nm with 10 nm step size was performed to generate a multispectral image set. By MCR-ALS analysis, two chemical maps were generated from the multispectral image set (x × z × λ), representing two major components in the tissue (Fig.  2(B) and 2(C) ). The corresponding spectral profiles of both components are shown in Fig.  2(E) . The spectrum of component 1 is mainly contributed by hemoglobin absorption (blue arrow) and second overtone absorption of CH 2 group at ~1210 nm (red arrow). The signature peaks of the second overtone of CH 2 stretching mode at ~1185 nm and ~1210 nm (green arrow in Fig. 2(E) ) in the spectrum of component 2 clearly indicate the presence of fat [54] . Moreover, we found that an imaging depth up to 3 mm was achievable (Fig. 2(D) ). Based on the displayed H&E-stained section (Fig. 2(F) ) of the same tissue, an area with fat and lacking hemoglobin contrast was assigned to be normal tissue with fat and scattered fibrous tissue (red oval). The area with hemoglobin contrast and fat indicated angiogenesis and invasive tumor with scattered fat tissue (yellow oval). The area without fat contrast indicated tumor tissue with dense fibrous tissue (blue oval). These results collectively demonstrate the capacity of differentiating tumor from fat or fat with fibrous tissue based on the contrast of hemoglobin and fat.
Results
Multispectral PAT of excised human breast tissue
Breast margin assessment by multispectral PAT
According to the US image and PA images of the two components generated from the multispectral PAT system, we developed the following protocol to assess the margin status: 1) The ultrasound image was applied to define the boundary of the tissue; 2) The pixel containing fat but no hemoglobin was characterized as normal; 3) The pixel containing both fat and hemoglobin was considered as tumor; 4) The pixel containing hemoglobin without fat was also considered as tumor. Based on the above criteria, cross-sectional images of normal tissue and tumor tissue were generated. If the tissue area within 2 mm of the surface consisted of 95% normal tissue, we considered it as negative. Otherwise, we classified it as positive. The image analysis was performed with ImageJ. To test the sensitivity and specificity of this method, we performed multispectral PAT on 12 tissues. For these 12 tissues, histological images were independently evaluated by a pathologist. Figure 3 shows the typical positive ( Fig. 3(A)-3 (E)) and negative ( Fig. 3(F)-3(J) ) margins. Notably, there was no hemoglobin signal in Fig. 3(F) since the PA imaging cannot reach a depth greater than 3 mm. The tissue maps, which were analyzed based on the above protocol, are shown in Fig. 3 (D) and 3(I) with normal and cancer tissue in magenta and blue, respectively. The analysis was only performed in the tissue area within 2 mm from the surface (marked by the yellow dash line). The normal coverage for positive and negative margins is 41% and 98% in Fig. 3(D) and 3(I) . The statistical results (Table 2) indicate that 100% sensitivity was achieved. The only false positive case was observed owning to the fact that we did not differentiate dense fibrous tissues from tumor tissue, which led to a reduced specificity. 
Discussion
High frequency transducer
In this study, we used a 21 MHz ultrasound transducer, which was usually less sensitive to lower frequency transducers. However, in breast tumor margin assessment, the current prevailing standard is to check if the tumor is surrounded by 1-2 mm healthy tissue or not. In Fig. 2(D) , an imaging depth of up to 3 mm with a signal to noise ratio of 3.5 can be achieved. Therefore, this 21 MHz transducer provides information at sufficient depth while maintaining a better resolution compared to lower frequency transducers.
The number of wavelengths for tumor margin assessment
In this study, we applied 16 wavelengths to create a multispectral image set for visualizing hemoglobin and fat. It was critical to apply the spectroscopic imaging study in order to confirm the contrast origin and to demonstrate the feasibility of using hemoglobin and fat for differentiating cancerous and normal tissue. Nonetheless, it is not necessary to record 16 wavelengths for clinical application since hemoglobin and fat have distinctive spectral profiles. In practice, two wavelengths at 1064 nm and 1200 nm should be enough to distinguish hemoglobin and fat. PAT with 1064 nm excitation has been widely accepted for imaging of hemoglobin in breast tumors because it provides sufficient contrast, enables superior tissue depth penetration compared with visible excitation, and is easily generated through Nd:YAG medium. 1200 nm excitation, where the second overtone of C-H vibration locates, is known for visualization of lipid in deep tissue [48, 52] , and is easily generated through an OPO system or a Raman cell [49, 52, 55] . With such dual-wavelength excitation in a mobile system, future clinical application of PAT is promising.
Sensitivity and specificity
In lumpectomy procedures, surgeons base the amount of tissue that can be resected on obtaining a good cosmetic result while still achieving negative margins [5] . Therefore, maximizing the sensitivity in breast tumor margin assessment is essential. In this study, we applied a classification rule that only fatty tissue with scattered connective tissue is considered as normal tissue. As a result, 100% sensitivity was achieved. In our study, as a trade-off to the high sensitivity, the dense connective tissue was also characterized as cancer in one case, which led to a reduced specificity of 75%. However, given the mechanical property differences between the dense connective tissue and cancer tissue, frequency analysis of their photoacoustic signals can be applied to improve the specificity.
Imaging speed
Our system can assess the surface of the entire tumor tissue with a speed of 4.5 cm 2 /min when 16 wavelengths are applied. This results in a 3-D multispectral image ((x × y × z) × λ). As discussed, if 2 or 3 wavelengths are applied, the speed can be further improved. Theoretically, with a 10 Hz laser, 15 mm x 5 mm illumination area, 200 μm translational step size, and 2 wavelength excitation, the speed can reach ~36 cm 2 /min, making multispectral PAT a rapid tool for assessing the entire excised tissue surface.
Conclusion
We have demonstrated a multispectral PAT system, which assesses the margin status of excised human breast tissue. This system has sub-millimeter axial resolution, mm-scale deep tissue penetration and high imaging speed. For margin assessment during lumpectomy procedures, further developments of the PAT system are needed to improve the imaging speed, laser compactness, and specificity of the assessment.
